The Nature and Propagation 

of Light 


Light: Introduction 

For centuries the nature of light was disputed. In the 17th 
century, Isaac Newton proposed the "corpuscular theory" 
stating that light is composed of particles. Other scientists, 
like Robert Hooke and Christian Huygens, believed light to 
be a wave. Today we know that ight behaves as both a 
wave and as a particle. Light undergoes interference and 
diffraction, as all waves do, but whenever light is emitted, it 
is always done so in discreet of packets called photons. 
These photons carry momentum, but not mass. 
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Wave Vs. Particles 


Light is an electromagnetic wave. As light travels through space 
an electric field and a magnetic field oscillate perpendicular to 
the wave direction and perpendicular to each other. Well learn 
more about these fields in later units. A light wave is transverse 
rather than longitudinal, since each field oscillates in a plane 
perpendicular to the direction of the wave. Unlike a pulse 
traveling down a length of rope, nothing is physically moving in 
a light wave. Light requires no medium! It can travel through 
space that contains matter (such as air, glass, or water) or 
through a vacuum. 



If light did need a medium in order 
to propagate, the earth would spend 
its days submerged in darkness and 
the sun would not be visible. 



Electromagnetic Waves 


Electric and magnetic fields affect charges. Light is an 
electric field coupled with a magnetic field. The two fields 
oscillate together but in different planes. To visualize an 
electromagnetic wave, you must think in 3-D. Let's put a 
light wave together one piece at a time. 
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Above is a set of 3-D coordinate axes. The z-axis is 
vertical, the y-axis is horizontal, and the x-axis is 
coming out toward you. 


In the top right picture, the blue wave represents an oscillating magnetic 
field in the x-y plane. (Every point on this curve has an z coordinate of 
zero.) It is a snapshot in time. Like the electric field, the magnetic field is 
strongest at the crests and troughs. 


Bottom right is shown an electric 
and a magnetic field oscillating 
together. This is an electro- 
magnetic wave (light). The fields 
travel through space together. They 
have the same period and 
wavelength, but they oscillate in 
two different planes, which are 
perpendicular to each other. The 
electric field, the magnetic field, 
and the wave direction are all 
mutually perpendicular. For some 
additional pictures, check out these 
links below. Remember, what 
you're seeing is just a snapshot in 
time (see animation). 
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Frequency and Wavelength 

The frequency of a light wave corresponds to the color we see. The 
amplitude corresponds to brightness. 
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The frequency of visible light is extremely high compared to that of 
audible sound. Red light, for example, is the lowest frequency of 
visible light, but even red light has a frequency of over 400 trillion 
Hertz. This means if you're looking at a red light, over 400 trillion 
full cycles of red light enter your eye every second! The frequency 
of violet light is even higher— over 750 trillion Hz. Other types of 
electromagnetic radiation, like X-rays, have even higher frequencies, 
and some have lower frequencies, like radio waves. Just as our ears 
are only capable of hearing certain range of sounds (20 - 20,000 
Hz), our eyes can only see a small range of frequencies. 


Frequency and Wavelength (cont.) 

Because visible light waves have such high frequencies, their wave- 
lengths are very short. Recall the formula v = If (wave speed = 
wavelength x frequency). Since light of any frequency always 
travels at the same speed in a vacuum, v is a constant. Thus, the 
bigger f is, the smaller l must be. Red light, for example, has a 
wavelength of only about 700 nm. (1 nm = 1 nanometer = 10' 9 m = 
1 billionth of a meter.) Violet light has an even smaller wavelength, 
since its frequency is higher. X-rays have still smaller wavelengths. 
Radio waves can have very long wavelengths (many meters) since 


their frequencies are so low. | 
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Nature of Light-the history and 

classical theories 

Particle theory (Newton): Until the middle of 
seventeenth century, light was generally thought to 
consist of a stream of some sort particles or 
corpuscles. 

Wave theory (Huygens): Early in the nineteenth 
century, evidence for the wave theory become more 
and more persuasive. The experiments of Tomas 
Young 

Maxwell's theory (1873) and Heinrich Hertz's 
experiments. 


By the end of nineteenth century, 
researchers believed that little if any would 
be added in the future to our knowledge of 
nature of light. 

Photoelectric emission: Einstein’s work on 
photoelectric effect (1905). 

Compton effect (1921). 

Quantum electrodynamics (1930). 


The speed of light 


Speed of light in free space: 3x10 8 m/s. 

Roemer’s (Danish astronomer) 
measurement by observing the eclipse of 
Jupiter’s satellite (1676). 2.1x10 8 m/s. 

Fizeau’s (French scientist 1849) 
measurement: c= 3.15x10 8 m/s 

C= 2.9979246x10 8 ±2m/s 


Reflection and refraction 


The incident, reflected, and refracted rays, and 
the normal to the surface, all lie in the same 
plane. 

The law of reflection: The angle of reflection is 
equal to the angle of incidence, the incident, 
reflected light and the normal all lie in the same 
plane. 

The Law of refraction: For monochromatic light, 
the ratio of the sine of the incidentanale ana that 
of the refraction angle is a constant; the incident, 
refracted and the normal all lie in the same 
plane. 


Reflection 



When a light ray traveling in one medium 
encounters a boundary with another medium, 
part of the incident light is reflected. 

The direction of a reflected ray is in the plane 
perpendicular to the reflecting surface that 
containsthe incident ray. 


Normal 


Consider a light ray traveling in air and incident at 
an angle on a flat, smooth surface, as shown in 
Figure. The incident and reflected rays make angles 
01and 0'1, respectively, where the angles are 
measured between the normal and the rays. (The 
normal is a line drawn perpendicular to the surface 
at the point where the incident ray strikes the 
surface.) 

Experiments and theory show that the angle of 
reflection equals the angle of incidence: 

This relationship is called the law of reflection. 
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Refraction 


When a ray of light traveling through a 
transparent medium encounters a boundary 
leading into another transparent medium, as 
shown in Figure, part of the energy is reflected 
and part enters the second medium. The ray 
that enters the second medium is bent at the 
boundary and is said to be refracted. The 
incident ray, the reflected ray, and the 
refracted ray all lie in the same plane. 
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Index of Refraction 


In general, the speed of light in any material is less than its speed in vacuum. In fact, 
light travels at its maximum speed in vacuum. It is convenient to define the index of 
refraction n of a medium to be the ratio 


speed of light in vacuum c 

speed of light in a medium v 


From this definition, we see that the index of refraction is a dimensionless 
number greater than unity because v is always less than c. Furthermore, n is equal 
to unitv for vacuum. 


As light travels from one medium to another, its frequency does not 
change but its wavelength does. 


Snell's law of refraction 
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Huygens's Principle 


all points on a given rave front are taken as point sources for the production of 
spherical secondary raves, called wavelets, which propagate outward through 
a medium widi speeds characteristic of waves in dial medium. , Alter some time interval 
has passed, the new position of the wave front is the surface tangent to the wavelets. 
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Huygens's Principle Applied 

to Reflection 
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Because AD = BC, we have 




cos y = cos y ' 


Therefore, 



which is the law of reflection. 
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Huygens's Principle Applied to Refraction 


From triangles AUCand ADC, we find that 

. BC viit , 4 /) V9A/ 

sin 0| = — = —^7- and sin 0 9 = 
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If we divide the first equation by the second, we obtain 

sin 0| i/| 

sin 09 Vo 


But from Equation 35.4 we know dial vi = c/n\ and 1/9 = c/n% Therefore, 

sin0| c/n\ 
sin 09 c/«2 

n\ sin 0i = «2 sin 09 



which is Snell’s law of refraction. 


Total Internal Reflection 


An interesting effect called total internal reflection can occur when light is directed 
from a medium having a given index of refraction toward one having a lower index of 
refraction. Consider a light Ion traveling in medium 1 and meeting the boundary 
Itetween medium 1 and medium 2, where n\ is greater than n? . Various 

possible directions of the Ion are indicated by rays 1 through 5. The refracted rays 
are bent away from the normal because n\ is greater than th At some particular angle 
of incidence 0, , called the critical angle, the refracted light ray moves parallel to the 
boundary so that 09 = 90° 


Normal 


For angles of incidence greater than 0 f , the beam is entirely reflected at the bound- 
ary, as shown by rav 5 in Figure . This ray is reflected at the boundary' as it strikes 
the surface. This ray and all those like it obey the law of reflection; that is, for these 
rays, the angle of incidence equals the angle of reflection. 

We can use Snell’s law of refraction to find the critical angle. When 0) = 0 f , 
0 2 = 90° 

Hi sin 0 C = H‘> sin 90° = n% 


sin 6, = — (for hi > no) 
n \ 

This equation can l>e used only when Hj is greater than n%. That is, total internal 
reflection occurs only when light is directed from a medium of a given index of 
refraction toward a medium of lower index of refraction. 
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Optical Fibers 





Another interesting application of total internal reflection is the use of glass or 
transparent plastic rods to “pipe” light from one place to another. As indicated in 
Figure light is confined to traveling within a rod, even around curves, as the 
result of successive total internal reflections. Such a light pipe is flexible if thin fibers 
are used rather than thick rods. A flexible light pipe is called an optical fiber. If a 
bundle of parallel fibers is used to construct an optical transmission line, images can 
l>e transferred from one point to another. This technique is used in a sizable industry 
known as fiber optics . 

A practical optical fiber consists of a transparent core surrounded by a cladding , a 
material that has a lower index of refraction than the core. The combination may l>e 
surrounded by a plastic jnrlwl to prevent mechanical damage. Figure shows a 
cutaway view of this construction. Because the index of refraction of the cladding is less 
than that of the core, light traveling in the core experiences total internal reflection if 
it arrives at the interface between the core and the cladding at an angle of incidence 
that exceeds the critical angle. In tiiis case, light “bounces" along the core of the 
optical fil>er, losing very Hide of its intensity as it travels. 



(Madding 


Any loss in intensity in an optical fiber is due essentially to reflections from the two 
ends and absorption by the fiber material. Optical hirer devices are particularly useful 
for viewing an object at an inaccessible location. For example, physicians often use 
such devices to examine internal organs of the body or to perform surgery without 
making large incisions. Optical hirer cables are replacing copper wiring and coaxial 
cables for telecommunications because the hirers can carry a much greater volume of 
telephone calls or other forms of communication than electrical wires can. 



Pulfrich Refractometer 





It is used to measure the refractive indices of solids and liquids. It consists of a right angled prism A having its two faces 
perfectly plane. One of the faces is horizontal and the other is vertical. The solid B whose refractive index is to be 
determined is taken having two faces cut perpendicular to one another. The faces are made perfectly plane. The solid B is 
placed on the prism A. To bring perfect contact between the horizontal faces of A and B a few drops of a liquid whose 
refractive index is greater than the solid is used. In the case of a liquid, whose refractive index is to be determined, a glass 
cell is used. 


Light is incident in a direction parallel to the horizontal surface so that light entering the prism A is incident at the critical 
angle c with the normal. Finally it emerges from the prism at an angle i. 

Let the refractive index of the solid be P and that of the material of the prism A be A*o- 


Here A*o > and c is the critical angle. 
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Squaring and adding equations (i) and (ii) 
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Knowing l 10 and i, the value of l* can be calculated. 


